The nature of the magnetic structure in magnetic so-called MAX phases is a topic of some controversy. Here we present unpolarized neutron-diffraction data between 3.4 and 290.0 K and momentum transfer between Q = 0.0 and 1.1Å
Ever since Shull and Smart solved the antiferromagnetic structure of MnO in 1949-the efforts of which lead, in part, to the Nobel prize in physics in 1994-neutron diffraction has been an indispensable tool to examine magnetic order in condensed matter [1] .
Neutron diffraction is often assumed not to be applicable to thin films due to the lack of sample volume [2] , in spite of several successful such studies [3, 4] already published. We will use and extend this method using an instrument designed for neutron reflectometry with a larger wavelength (5Å) than in these previous studies, which maximizes the signal-to-background ratio at low momentum transfers.
The focus of the present paper is MAX phases, materials that naturally form laminated structures at the atomic level and exhibit a combination of metallic and ceramic properties [5] . The stoichiometry is of the type M n+1 AX n , with n = 1,2, or 3 where M is an element of the early transition metals, A is an A-group element, and X is carbon or nitrogen. It has been suggested [6] that MAX phases could be of interest for applications within spintronics and calorimetry due to the peculiar laminated structure and potentially tuneable anisotropic transport properties.
Several papers have been published dealing with magnetism in MAX phases since they were first predicted [7] , i.e., Cr 2 AlC where A = Al, Ga, Ge, and systems with Mn partially substituting Cr on the M site. These include experimental work on bulk samples [8] [9] [10] [11] [12] [13] and thin films [14] [15] [16] [17] [18] [19] as well as further theoretical studies [14, [19] [20] [21] [22] [23] [24] . The magnetic behavior has been linked to itinerant-electron ferromagnetism, spindensity-wave states, Pauli paramagnetism, etc. This wide array of different magnetic behaviors is made more palpable by the different synthesis methods used and varying sample quality. In all these studies the Mn content and the local ordering between Mn and Cr may very likely have a critical impact on the magnetism observed. It is therefore of fundamental importance to establish the magnetic behavior thoroughly in * arnsi@ifm.liu.se those systems where chemical order plays no role, i.e., systems with only one M element as in the case of the Cr-based phases or the recently discovered Mn 2 GaC, predicted by ab initio calculations and subsequently synthesized by thin-film techniques [25] . Such results could serve as a baseline for further studies of alloyed phases.
The magnetic behavior of MAX phases has been studied with first-principles density functional theory [7, [22] [23] [24] 26] where the identified magnetic ground states are generally different antiferromagnetic (AFM) structures with the ferromagnetic (FM) structure close in energy. For Mn 2 GaC in particular, considered spin configurations include nonmagnetic, paramagnetic, FM, and multiple AFM configurations. Details regarding these calculations can be found in [27] . The identified low-energy magnetic ground-state candidates include the FM structure and two different AFM structures, labeled AFM[0001] 4 . The latter configuration is shown in Fig. 1(a) with four subsequent coparallel Mn layers followed by spin flip across an A layer. These structures have magnetic repetition distances of one (12.55Å) and two (25.1Å) unit cells, respectively. Performing neutron diffraction probing this length scale, well above the first allowed reflections from the structure, i.e., half the unit cell (d = 6.275Å), is therefore needed in order to potentially demonstrate or falsify the existence of such ground-state candidates. In this paper we will show evidence for longranged antiferromagnetism of an epitaxially grown phase-pure single crystal of Mn 2 GaC film of the highest quality [25] .
Due to the spin of the neutron, even unpolarized neutron diffraction is sensitive to AFM order [28, 29] . As an example, if there are spin configurations that exhibit periodicity, the neutrons will interfere constructively and peaks emerge in accordance with the magnetic structure factor. The nuclear structure factor captures the nonmagnetic contributions to the diffraction pattern and is given by where Q is the scattering vector with length (4π/λ) sin(θ ) where λ is the wavelength of the neutron and θ is the scattering angle, R j is the coordinate of the j th atom, and b j is the bound nuclear scattering length of element j . The simplified magnetic structure factor used in this study is similar but is sensitive to the spin arrangement as follows:
where σ l is −1 for spin l aligned in the positive x direction and +1 for spin l aligned in the negative x direction, R s l is the position vector of the lth spin, and f l (Q) is the magnetic form factor.
The sample was grown using magnetron sputter epitaxy on 1 × 1-in. MgO (111) substrates at 823 K. The procedure followed the sample preparation and characterization found in [25] and was optimized according to [30] . The neutron measurements were performed at the Insitut-Laue-Langevin at the Super Adam reflectometer. This instrument is equipped with a highly oriented pyrolytic graphite monochromator with a wavelength of λ = 5.183Å and a wavelength spread of 0.7%. The slits were 5 mm and as such the measurements were conducted with a high resolution of Q z = 5 × 10 −3Å −1 . Thus the peak broadening is dominated by noninstrumental effects. The wavelength of 5.183Å is above the cutoff for Bragg scattering from Al, which constituted the windows into the cryostat and the window into the evacuated flight path. We can thus eliminate any coherent Bragg scattering from Al The scattering measurements were made with constant slits and the data were corrected for overillumination, incident flux changes, time, and direct beam intensity. The background was subtracted by taking the average of regions on either side of the specular peak. At every temperature the sample was realigned after confirming that thermal equilibrium had been reached. Figure 2 shows unpolarized neutron diffraction at 150 K at remanence (2 mT, stray field from the electromagnet) (black line open circles) and x-ray diffraction (red line open circles) at the same temperature. The x-ray-diffraction pattern exhibits a single peak that appears at a position corresponding to the (0002) planes of the phase, i.e., Q = 1.00Å −1 . No other structural peaks are visible below this peak in momentum transfer. In sharp contrast to the x-ray-diffraction data, three peaks can be identified in the neutron data at 0.25, 0.75, and 1.00Å −1 . The peak at 1.00Å −1 coincides with the x-ray data and we conclude that this peak is structural (nuclear scattering) in origin. Comparing to the previously suggested AFM[0001]
A 4 structure, a simple structure factor calculation using the coordinates for its atomic positions in Eq. (1) reveals that no structural peaks are expected below the (002) A 4 model into monolayers, each with its own magnetization direction and amplitude. The reflectivity program GenX [31] was used for the simulations, which takes into account total external reflection, refraction, and multiple reflections. We add up all the spin channels to mimic the unpolarized measurements and can see that the magnetic and the structural peaks are reproduced (purple thin line). We also see the rise in the signal at the lowest Q values. We note the absence of Kiessig (Laue) fringes in our data that probably is a result of surface roughness or thickness variation throughout the film. Those features are not directly relevant to the magnetic structure determination and no effort was made to reproduce them. Figure 3 shows neutron diffraction at 3.4 K and 1 T applied field and at 150 and 290 K in a field of 2 mT. No significant changes are observed at the lowest temperature, which is expected since more than 5 T is required to saturate Mn 2 GaC at this temperature, according to previous work [27] . At 290 K we see that an AFM structure is still present but the peaks FIG. 3 . Temperature dependence of the unpolarized neutrondiffraction data. The top curve is taken at 290 K, the middle curve is taken at 150 K, and the bottom curve is measured at 3.4 K. The applied field is around 2 mT except for the lowest temperature where the field was 1 T.
have split or broadened. This indicates an additional AFM structure with a slightly different repeat distance (propagation vector). Further work is needed to establish the Neel and Curie temperatures of this material.
It is highly desirable to obtain precise coordinates for all the atoms and an estimate of the magnitude of the magnetic moments. The procedure for this is to measure polarized neutron diffraction and x-ray diffraction in a wide Q range and apply an appropriate refinement technique. The present data are insufficient in this respect; however, they allow for far reaching qualitative conclusions as shown above. Given the uncertainty in the literature to date regarding the nature of magnetism in MAX phases, we claim that the present measurements provide the salient features of the magnetic structure, i.e., AFM order with a periodicity of two unit cells.
Although the previously mentioned AFM[0001]
A 4 structure has this feature, so may other spin configurations. To identify such potential candidates, we performed ab initio calculations based on density functional theory using the projector augmented wave method [32] as implemented within VASP [33, 34] . Exchange and correlation effects were treated in the framework of the Perdew-Burke-Ernzerhof [35] generalized gradient approximation in its spin-polarized form. We have used a planewave energy cutoff of 400 eV, and integration of the Brillouin zone was performed using the Monkhorst-Pack scheme [36] . The calculated total energy for all structures included in the present study is converged to within 0.1 meV/atom in terms of k-point sampling and plane-wave energy cutoff. Structural optimizations were performed for each spin structure in terms of unit-cell volumes, cell shape, and internal atomic positions to minimize the total energy.
The diversity of potential spin configurations considered is illustrated by the following identified low-energy structures, also shown in Fig. 1; (a) Previous reports on Mn 2 GaC have shown a FM component in the hysteresis loop (vibrating sample magnetometry), indicating more complicated structures than the pure AFM. The structure (b) in Fig. 1 is consistent with the observed hysteresis loops and the results point towards this structure either being slightly favored in terms of energy over a symmetric structure, e.g., (a), or them being equal in energy. Once enough energy has been applied, the spin canting angle gradually changes more with applied field. The calculations show [see Fig. 6 (b) in [27] ] that there is almost no energy difference between the symmetric structure and any spin canting up to 7
• . Hence, the remanence at zero field points towards degenerate ground states and to the fact that all these spin structures are populated with the same statistical weight in the absence of applied field. Above 7
• the energy increases gradually with canting angle but so does the energy of the applied field. Further measurements are needed to verify this claim, including magnetic measurements at a lower temperature and higher field.
We have established unambiguously that epitaxially grown Mn 2 
